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I. INTRODUCTION 

The potential for an aircraft t o  f l y  directly through a ground 

station-to-satellite link becomes more significant i f  the link i s  

located closer t o  an airport, obviously. 

more likely near airports, i t  i s  appropriate t o  examine the effects of 

such an encounter. 

Because this situation is much 

There are two aspects t o  the work reported here: (1) an aperture 

blockage theoretical solution developed by Rudduck and Lee C13 was used 

t o  calculate the effect of a large aircraft (C5) for 

ground station antenna diameters, and (2)  the compact 

the Ohio State University was used t o  measure various 

a 737 aircraft, and t o  validate the theoretical so lu t  

ari ous sate1 1 i t e  

range faci l i ty  a t  

targets , i ncl udi  ng 

on i n  item (1). 
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11. SCALE MODEL MEASUREMENTS 

I n  order t o  s imulate t h i s  problem, t h e  compact range a t  The Ohio 

Sta te  U n i v e r s i t y  was used t o  s imulate t h e  s a t e l l i t e  antenna; whereas, a 

t h r e e  f o o t  diameter d ish  was used i n  t h e  back o f  t h e  anechoic chamber t o  

model t h e  ground s t a t i o n  receiver. A 14-1/2 f o o t  long  l i n e a r  prober was 

then placed on t h e  chamber f l o o r  j u s t  behind t h e  compact range feed and 

o r ien ted  orthogonal t o  t h e  l i n e  from t h e  compact range r e f l e c t o r  t o  t h e  

t h r e e  f o o t  d ish  i n  t h e  back o f  t h e  room. 

i l l u s t r a t e d  i n  F igure 1*. 

l i n e a r  prober which was used t o  h o l d  various t a r g e t s  t h a t  could be drawn 

through t h e  simulated l i n e - o f - s i g h t  l i n k ,  Some example ta rge ts  used f o r  

t h i s  study are shown i n  F igure 2 be ing drawn across t h e  room. 

system was const ructed t o  operate a t  Ku-band so t h a t  any frequency from 

12 t o  18 GHz could be used. The t a r g e t  was pos i t ioned 28 f e e t  from t h e  

simulated ground s t a t i o n  antenna such t h a t  i f  a 60 f o o t  d ish  were being 

sca le  modelled w i th  t h i s  system, t h e  simulated f u l l  sca le frequency 

would be 400 t o  600 MHz a t  a range o f  840 feet, 

could be scaled by other  f a c t o r s  t o  s imulate o ther  s i t ua t i ons .  

This  con f igu ra t i on  i s  

A Styrofoam pedestal was then placed on t h e  

The 

Note t h a t  these r e s u l t s  

I n  

add i t ion ,  t h e  measured r e s u l t s  have a lso  been used t o  v a l i d a t e  t h e  

aper tu re  blockage t h e o r e t i c a l  s o l u t i o n  developed by Rudduck and Lee C11 

which can be used t o  s imulate any p o t e n t i a l  problem. 

It was our f e e l i n g  from t h e  onset t h a t  t h e  major problem associated 

w i t h  an a i r c r a f t  f l y i n g  through such a l i n k  would be r e l a t e d  t o  t h e  

*Note: For t h e  convenience o f  t h e  reader, a l l  f i g u r e s  and tab les  
have been grouped together  a t  t h e  end o f  t h e  repor t .  
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forward s c a t t e r i n g  o f  t h e  a i r c r a f t .  

t h a t  forward s c a t t e r i n g  i s  simply r e l a t e d  t o  t h e  cross-sectional shape 

o f  t h e  t a r g e t  which b locks t h e  d i r e c t  s ignal  . I n  o ther  words, t h e  

a i r c r a f t  forward s c a i t e r i n g  can be simulated by a f l a t  p l a t e  whose 

cross-sect ion models t h e  blockage cross-sect ion o f  t h e  a i r c r a f t .  

can t h i n k  o f  t h e  s a t e l l i t e  as a - f l a s h l i g h t  which i s  po inted toward a 

wal l .  One w i l l  

It has been known f o r  many years 

One 

Then p lace an ob jec t  between t h e  l i g h t  and t h e  wal l .  

observe t h a t  t h e  image seen on t h e  wa l l  i s  representa t ive  of t h e  

cross-sect ional  s t r u c t u r e  b lock ing  t h e  l i g h t  path. Our simulated 

measured r e s u l t s  were then used t o  see i f  our forward s c a t t e r i n g  model 

was co r rec t  f o r  t h i s  type o f  problem. 

were measured along w i t h  equiva lent  f l a t  p la tes  used t o  s imulate t h e  

blockage cross-section. Some o f  these t a r g e t s  are shown i n  F igure  3. 

To show t h i s ,  var ious geometries 

The complete set  o f  measured data w i l l  be presented i n  a fu tu re  

repo r t ;  however, a few examples are shown here t o  i l l u s t r a t e  t h e  

conclusions made based on these tes ts .  

shown i n  F igure  4a a t  18 GHz and v e r t i c a l  po la r i za t i on .  

compared w i th  t h e  6" d isk  measured r e s u l t  shown i n  F igure  4b. 

r e s u l t s  were measured d i r e c t l y  us ing t h e  p rev ious l y  described system. 

IJsing t h i s  raw data, one i s  not simply examining t h e  e f f e c t  o f  t h e  

t a r g e t  alone i n  t h a t  t h e  Styrofoam pedestal a l so  generates a forward 

s c a t t e r  as shown i n  F igure  5. I n  order t o  e l im ina te  t h i s  e f fec t ,  a 

styrofoam p a t t e r n  was taken alone; then, t h e  t a r g e t  was measured. The 

styrofoam r e s u l t  was then subtracted from t h e  t a r g e t  r e t u r n  so t h a t  on ly  

t h e  t a r g e t  forward s c a t t e r  i s  present. The subtracted 6" sphere and 6" 

A 6" sphere measured r e s u l t  i s  

This  should be 

These two 
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disk  results are shown i n  Figures 6a and b y  respectively. One should 

note the similarity i n  the results as suggested by the a 

model . Next a 2' long by 4" di 

w i t h  bo th  targets mounted perpendicular t o  the 1 i n k  1 i ne-of -si g h t  and 

horizontally oriented relative t o  the ground as shown i n  Figure 2b. 

raw measured results are shown in Figures 7a and b and the subtracted 

ones i n  Figures 8a and b. Again note t h a t  these two targets have 

essentially the same forward scatter. A 1/20th scale model of a 737 

aircraft was a l so  measured as shown i n  Figure 1. The raw measured 

results a t  18 GHz for vertical and horizontal polarizations are shown i n  

Figures 9a and b y  respectively; whereas, the subtracted ones are shown 

i n  Figures 10a and b. I t  is interesting here t o  compare the scattering 

pattern shapes for the two polarizations since the aperture blockage 

concept i s  not sensitive t o  polarization. Again, the results indicate 

t h a t  the aperture blockage concept i s  correct. 

t e r  cy1 i nder and pl ate were 

The 

The 737 aircraft results were simulated u s i n g  the numerical 

solution by Rudduck and Lee [l]. The model used t o  simulate the 737 i s  

shown i n  Figure 11. I t  is a rather crude representation b u t  models the 

basic features. Note t h a t  this scattering model i s  simply a f l a t  plate 

w i t h  the cross-section shown i n  the previous figure. The calculated and 

measured raw results are shown i n  Figure 12, and the subtracted ones are 

shown i n  Figure 13. These two results do not perfectly agree b u t  show 

the same chara i s t i c  behaviour. I t  i s  f e l t  t h a t  these results could 

be improved w i t h  a better 737 representation. In any event, i t  is clear 

t h a t  major effect associated w i t h  an aircraft breaking a ground 
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s t a t i o n - t o - s a t e l l i t e  l i n k  i s  t h e  aper ture blockage caused by t h e  

s t r u c t u r e  p h y s i c a l l y  b lock ing  t h e  l i n e - o f - s i g h t  s igna l  . 
There was some i n t e r e s t  i n  determining how much energy was f l ow ing  

around t h e  a i r c r a f t .  

up t o  ob ta in  th ree  frequency scans from 12 t o  18 GHz. 

were taken f o r  t h e  Styrofoam pedestal, a 6" sphere, and t h e  737 

a i r c r a f t .  

I n  order t o  study t h i s  e f f e c t ,  t h e  range was se t  

Separate scans 

This data was then c a l i b r a t e d  us ing t h e  fo l low ing  expression: 

737 - Styrofoam 1 
6" s ph e r e  - s t y r o f o am 

1 
I Ca l  i b r a t i  on = 

Using t h i s  c a l i b r a t i o n  formula a t  each frequency 

Exact 6" Sphere . 

t h e  forward s c a t t e r i n g  

o f  t h e  737 a i r c r a f t  can be iso la ted .  The c a l i b r a t e d  frequency data was 

then windowed and transformed t o  t h e  t ime domain. The t ime  domain 

r e s u l t  represents t h e  forward s c a t t e r i n g  o f  t h e  737 f o r  a very shor t  

pu lse  i l l u m i n a t i o n .  

t a r g e t  t he re  should be a delayed s ignal  associated w i th  t h e  t r a n s i t  t ime 

i t  takes t o  propagate around t h e  object. Th is  t ime response i s  shown i n  

F igure  14, and one should note t h a t  t he re  does not  appear t o  be any 

s i g n i f i c a n t  mu l t ipa th  o r  terms propagating around t h e  ta rge t .  

simply t h e  d i r e c t  l i n e - o f - s i g h t  blockage which i s  observed i n  t h e  t ime 

response. As a r e s u l t ,  t h i s  data a lso  v e r i f i e s  t h e  aper ture blockage 

concept which imp l ies  t h a t  Rudduck and Lee's [l] numerical s o l u t i o n  i s  

v a l i d  f o r  t h i s  type  o f  problem. 

I f  energy propagates s i g n i f i c a n t l y  around t h e  

It i s  

5 



111. THEORETICAL SOLUTION 

The t h e o r e t i c a l  s o l u t i o n  used f o r  t h e  a i r c r a f t  forward s c a t t e r i n g  

r e c e n t l y  developed f o r  c a l c u l a t i n g  t h e  s c a t t e r i n g  e f f e c t s  o f  r e f l e c t o r  

antenna feeds i s  shown i n  F igure 15. When t h e  sca t te re r  i s  loca ted  

i n s i d e  t h e  pro jec ted  aperture, and c lose  t o  t h e  antenna a simple 

Geometrical Optics (GO) model i s  used as shown i n  F igure 15a. However, 

i f  t h e  sca t te re r  i s  l coa ted  ou ts ide  t h e  p ro jec ted  aper ture as shown i n  

F igure  15b, t h e  GO model i s  not adequate. 

ac tua l  antenna near f i e l d s  i n c i d e n t  upon t h e  s c a t t e r e r  need t o  be 

ca l cu la ted  over t h e  appropr ia te  s c a t t e r i n g  aperture. Then t h e  r e s u l t i n g  

near f i e l d s  are i n teg ra ted  t o  ob ta in  t h e  forward sca t te r ing .  The 

r e s u l t i n g  i n t e g r a t i o n  i s  performed over an extended aperture. Thus, t h e  

bas ic  ana lys is  i s  c a l l e d  t h e  Extended Aperture I n t e g r a t i o n  ( A I E )  method, 

as shown i n  F igure 16. GTD i s  used a t  c lose  t o  medium distances between 

t h e  antenna and sca t te rer ;  whereas, A I  i s  used f o r  l a r g e  distances. 

An example which demonstrates t h e  a p p l i c a t i o n  t o  r e f l e c t o r  feed 

I n  t h e  l a t t e r  case, t h e  

s c a t t e r i n g  i s  shown i n  F igure  17. 

equ iva len t  p l a t e  sca t te re r  f o r  t h e  feed and mast s c a t t e r i n g  as shown i n  

F igure  163. The measured and ca lcu la ted  pat terns,  as shown i n  Figures 19 

and 20, i l l u s t r a t e  t h e  v a l i d i t y  o f  t h i s  approach. 

The computer model uses t h e  

The a i r c r a f t  s c a t t e r i n g  was a lso  modelled by equiva lent  p l a t e  

sca t te re rs  as shown i n  F igure 21. The complete se t  o f  ca lcu la ted  data 

w i l l  be presented i n  a f u t u r e  repor t ;  however, a few sample ca l cu la t i ons  
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are shown i n  t h e  f o l l o w i n g  tab les.  

t o  represent a C5 a i r c r a f t  i s  shown i n  F igure 22. 

unblocked r e f l e c t o r  gain, t h e  gain l e v e l  of t he  a i r c r a f t  sca t te r i ng ,  t h e  

blocked r e f l e c t o r  gain, and t h e  r e s u l t i n g  gain loss.  Tables I and I 1  

show r e s u l t s  f o r  a 20-foot diameter r e f l e c t o r  f o r  10 GHz and 20 GHz, 

respec t ive ly .  Table I11 shows- r e s u l t s  f o r  a 60-foot r e f l e c t o r  a t  4 GHz. 

The equiva lent  p l a t e  t h a t  was used 

Each t a b l e  shows t h e  

As can be seen t h e  a i r c r a f t  s c a t t e r i n g  can cause a subs tan t i a l  ga in 

loss. 

A s i m p l i f i e d  t h e o r e t i c a l  s o l u t i o n  was developed t o  c a l c u l a t e  t h e  

a i r c r a f t  s c a t t e r i n g  a t  l a r g e  distances (approximately i n  t h e  f a r  f i e l d  

o f  t h e  ground s t a t i o n  antenna). 

i n s i g h t  and g r e a t l y  improves t h e  e f f i c i e n c y  over t h e  computer code. The 

s i m p l i f i e d  s o l u t i o n  can be used i f  t h e  blockage model can be represented 

This  s i m p l i f i e d  s o l u t i o n  provides more 

by rec tangu lar  p la tes  as shown i n  F igure 23. The ca lcu la ted  gain data 

f o r  a s i m p l i f i e d  (one p l a t e )  blockage model i s  given i n  Table I V  which 

represents t h e  minimum blockage o f  t h e  C5; whereas, t h e  two p l a t e  model 

or maximum blockage o f  t h e  C5 i s  given i n  Table V. I n  a l l  cases i f  a 

l a r g e  a i r c r a f t  d i r e c t l y  f l i e s  through a ground s t a t i o n - s a t e l l i t e  l i n k ,  

t h e r e  can be a drop i n  t h e  system gain. What e f f e c t  t h i s  has on t h e  

system i s  dependent on t h e  system under consideration. However i f  t h e  

a i r c r a f t  i s  i n  t h e  near f i e l d  o f  t h e  ground s ta t i on ,  t h e  gain l oss  i s  

subs tan t ia l ,  and one would assume t h a t  t h e  l i n k  would be l o s t  dur ing  t h e  

t ime pe r iod  t h e  a i  r c r a f t  blocks t h e  1 i ne-of - s i  gh t  s i  gnal . 

7 
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TABLE I 

GAIN DATA FOR C5 AIRCRAFT SCATTERING 

Reflector Maae&z = 20.0’ 

R e q m  = 10.0 a 
CS Aircraft 

a) R e f l e c t o r  only 

b) Aircraft Scattered 

c )  Totap 

53 -17 d 92 

52 087 -3 e6 

28.05 56 -76 

Gain Loss = 53.17-28.05 e: 25.12 DB 

Ckfe 2) Range = 41000.0’ ( based on 3 DB-lw range 1 

( Use Far Field Data 1 

e = o degree 

DB Ph= 
(degrees) 

a) Reflector anly 53.17 4.2 

b) Aircraft Scattered 51.48 31.7 

c )  Total 48.95 -61.35 

Gain Loss = 53.17-48.95 = 4.22 DB 
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TABLE I1 

GAIN DATA FOR C 5  AIRCRAFT SCATTERING 

Renectar nianeter = 20.0' 

R q m  20.0 

fS Aircraft 

[8ae 1) Range = 80214.0' ( baaed on 3 D&W range 1 

( me ~ a r  fiela ma 
8 = 0 d e g e e  

IB *a= 
(degrees) 

a) R e f l e c t o r  d y  59 -19 77 -6 

b) Aircraft Scattered 58.18 102.8 I 

cl Tatdl 51.77 14.76 

Gain Loss = 59.19-51.77 = 7.42 XB 
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TABLE I11  

G A I N  OATA FOR C 5  AIRCRAFT SCATTERING 

Chee 1) Range = 50U4.0' ( based on 3 IS3-W range 1 

(use par Fielama I 

e=odegree 

m ph= 

a) R e f l e c t o r  only 54 .75 169.2 

(degees) 

b) Aircraft Scattered 47 -48 -U6.6 

c )  Total 53 -08 144.01 

Gain Loss = 54.75-53.08 - 1.67 DB 

11 



TABLE I V  

G A I N  DATA FOR S I M P L I F I E D  BLOCKAGE (MINIMUM BLOCKAGE) 

hflectcx aaneter - 20.0' 

Req- = 10.0 raZ 

Simple geanetry test ( CS Aircraft 1 

Geanetry : RectanMar plate ( 240.0' X 20.0' 1 

me 1) Ran9 - u000.0' 
e- 0 degree 

m ffi- 

a) Reflectcxaily 53 J.7 -6 -2 

(degrees) 

b) A i r a a i t  Scattered 42.20 31.2 

c) Totdl 51.17 -18.67 

Gain Loss = 53.1751.17 = 2.00 DB 

Gain Loss ( Analytically Estimated 1 - 1.95 DB 

€ h e  Differ== -18.67-(-6.21 = -12.47 degrees 

€ h e  Mfference ( Analytically Estimated 1 = -11.91 degrees 

Qse 2) Ran* = 410000.0' 
e =  0 degree 

IE 
(degrees) 

a) R e f l e c t a r  airy 53 -17 -6.2 

b) A i r a a i t  Scattered 29 .63 42.70 

c )  Total 52.79 -9.19 

Gain Loss = 53.17-52.79 = 0.38 E? 

Gain Loss ( Analytically Estimated 1 = 0.3ll DB 

€ h a  M f f e e n e  = -9.19-(6.2) -2.99 degrees 

phase Differene ( Analytically Ektimated 1 = 6.23 degrees 

- - 

12 



TABLE I V  (CONTINUED) 

(8ae 3) Range = UOO.0' 

a) Reflectardy 

b) A i r a a f t S ~ t t e r e d  52.29 31.8 

c) Total 49 .lo -68.84 

Gain Loss - 53.17-49.10 = 4.07 DB 

Gain Loss ( Analytically Estimated 1 = 6.103 DB 

phase Differme -68.84-(-6.2) -62.64 & g r e  

€31- Differme ( Andlyticdlly Estimated 1 1.66.09 

13 



TABLE V 

G A I N  DATA FOR S I M P L I F I E D  BLOCKAGE (MAXIMUM BLOCKAGE) 

aae 1) RMge - 4lOOO.O' 

a) R e f l e c t o r  anly 

b) AircraftScattered 

c) Totdl 

e =  0 degree 

PB 
(degrees) 

53 .I7 -6.2 

48.20 22.9 

48.38 -34.59 

Gain Loss = 53.17-48.38 = 4.79 m 
Gain Loss ( Analytically Estimated 1 = 4.80 DB 

€he Differme 

&ase Differme ( Analytically Estimated ) = -28.66 d e p e e ~  

-34.5+(6.2) E -28.39 degrees 

Case 2) Range = 410000.0' 
e =  o degree 

m ph- 

a) R e f l e c t o r  aily 53 -17 4 02 

(degreeS) 

b) Aircraft Scattered 34.96 43 -6 

c) Total 52 -50 -12.01 

Gain Loss = 53.17-52.50 = 0.67 DB 

Gain Loss ( Analytically Estimated 1 = 0.48 fB 

phase Differme 0 -12.0144.2) = -5.81 deg- 

*ase Differme ( Analytically Estimated 1 = -11.90 degrees 

- 
14 



TABLE V (CONTINUED) 

case 3) Range = uoooo' 
e m 0  degree 

a) R e f l e c t a d  cnly 

DB fie 

53 017 -6 02 

(degrees) 

b) AircraftScattered 54.01 13.7 

cl Total 44 067 -101 e70 

Gain Loss = 53.17-44.67 = 8.50 DB 

Gain Loss ( Analytically Estimated 1 = l l .67 DB 

phase Differma -101.70-(6.2) = -95.50 degrees 

Rase Difference ( Analytically Estimated 1 = 437.55 degrees 

15 



Fi  g t f l y  through tests,  



Figure Za, Sphere and d isk  moving through the  l i n e - o f - s i g h t  l i n k .  
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Figure 4a. Raw measured data for 6" sphere a t  18 GHz and ver t i ca l  
pol ari  za t i  on. 
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Figure 4b. Raw measured data f o r  6" disk a t  18 GHz and v e r t i c a l  
po l  a r i  z a t  i on. 
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Figure 6a. Subtracted measured data for  6" sphere a t  18 GHz and 
ver t  i ca l  pol a r i  z a t  i on e 
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Figure 6b. Subtracted measured data f o r  6" disk a t  18 GHz and v e r t i c a l  
po lar i za t ion .  
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Figure 7a. Raw measured data f o r  2'  x 4" cy l inder  a t  18 GHz and 
v e r t i c a l  po lar i za t ion .  
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Figure 7b. Raw measured data f o r  2' x 4" p l a t e  a t  18 GHz and v e r t i c a l  
pol a r i  z a t i  on 
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Figure 8a. Subtracted measured data f o r  2'  x 4" cy l inder  a t  18 GHz and 
v e r t i c a l  polar izat ion.  
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R N G L E  I N  D E G R E E S  
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R N G L E  I N  D E G R E E S  

Figure 9a. Raw measured data f o r  the 737 a i r c r a f t  a t  18 GHz and 
v e r t i  cal  po lar i za t ion .  
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Figure 9b. Raw measured data f o r  737 a i r c r a f t  a t  18 GHz and hor izonta l  
pol a r i  z a t  i on, 
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Figure loa. Subtracted measured data f o r  737 a i r c r a f t  a t  18 GHz and 
v e r t i c a l  po lar i za t ion .  
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Figure lob. Subtracted measured data for 737 aircraft at  18 GHz and 
horizontal polarization. 
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Figure 11. Simulated 737 a i r c r a f t  used f o r  ca l cu la t ions .  
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Figure 12. Calculated and measured raw data for  737 a i r c r a f t  a t  18 GHz 
and ver t1  ca l  pol a r i  z a t  1 on . 
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Figure 13. Calcu lated and measured subtracted data f o r  737 a i r c r a f t  a t  
18 GHz and v e r t i c a l  po la r i za i ton .  
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Figure 14. Time domain response f o r  737 a i r c r a f t .  
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Figure 15. Model f o r  feed s c a t t e r i n g  ca l cu la t i on .  
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Figure 16. Extended Aperture I n t e g r a t i o n  (AIE).  
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Figure 17. A I E  method f o r  feed scat ter ing ca lcual t ion.  
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f = 35.0 G H z  
F = 20.3". 60.l6X 

(b) Equivalent p l a t e  s c a t t e r e r  

F igure 18. Equiva lent  p l a t e  s c a t t e r e r  fo r  the feed and mast. 
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Figure 19. Measured E-plane p a t t e r n  f o r  t he  r e f e l c t o r  f o  Figure 18. 

f = 35 GHz. 

41 



n 

CD 
n 
U 

w 
t- 
t- 

a. 
L L  
LL 

a 

-10 -5 0 5 10 
THETR [ D E G R E E S )  

Figure 20. Calculated E-plane pa t te rn  f o r  t he  r e f l e c t o r  shown i n  
Figure 18. 
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Figure 21. Equivalent p l a t e  f o r  a i  r c r a f t  s c a t t e r i  ng model 
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Figure 22. Equiva lent  p l a t e  f o r  C 5  a i r c r a f t .  
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